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ABSTRACT

This report describes a modified ray-tracing technique
used in the synthesis of oblique-incidence, step-frequency
ionograms. Ionograms of this type are obtained experi-
mentally to aid in the real-time seleetion of frequencies
for point-to-point communications and propagation studies.
When it is desirable to identify the modes of propagation,
computer-calculated ray tracings have proved quite valuable,

The Kift-Fooks ray-tracing technique was chosen because
it is a rapid program capable of tracing rays when only a
minimum of ionospheric data is available. One could utilize
this technique in the analysis of propagation data either
by synthesizing an oblique-incidence lonogram for direct
comparison with experimentally observed results or by com-
paring plots of maximum usable frequency (predicted) with
receiving-station log sheets., The detaills of the computer
program are included with instructions that may be used as
a gulde by anyone familiar with computers and programming

operations to perform his own calculations.

i1l SEL-63-103
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LIST OF SYMBOLS

distance to any point along the great-circle
path

frequency
gyro frequency

critical frequency of a layer
FOE = critical frequency of the E layer

of the F1
of the F:c

FOF1
FOF2

critical frequency layer

critical frequency layer

FOES = critical frequency of the ES layer

height

height at the bottom of a parabolic layer

height of reflection

height
layer

of the maximum electron density of a

height of the maximum electron density of the
E layer

height of the maximum electron density of the
F1 layer

HT FOF2 = height of the maximum electron
density of the F2 layer

angle between ray path and vertical at any
point along the path

time delay
ratio of the F2 4000 MUF to the fOFE

distance ray propagates
attenuation due to D-layer absorption

maximum usable frequency for 1-hop F2-layer
propagation

lowest observed frequency
maximum observed frequency
ratio of the F2 3000 MUF to the fOFZ

numbey of ray passages through the D layer
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R radius of the earth
SSN sunspot number
T time in hours (universal time)
Y semi thickness of a parabolic layer

Y E semi thickness of the parabolic E layer
YmFl semi thickness of the parabolic Fl layer

a bearing of receiver from transmitter (degrees
East of North)

B take-off angle (above the horizon)
6 longitude of transmitter

6, longitude of point on path
92 longitude of the sun

AO latitude of transmitter

A latitude of point on path

A declination of sun

¢o ¢ . = angle ol incidence, measured from vertical,
at the bottom of the ionosphere

ﬂr %, = angle of 1ncidence, measured from vertical,
at the real height of reflection

ﬂD Yp = angle of 1ncidence, measured from vertical,
at the bottom of the D layer

solar zenith angle
take-off angle (above the horizon)

X

A

AD  ground distance for a ray passing through a
layer

AP!' virtual distance along a ray passing through -
a3 layer
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1. IKTRODUCTION

in an effort to understand better the propagaticn cnar.
acteristics assoclated with {lrxed-frequency transmissions
over a long {8000-km), cast-west path {1.e., Hawall to
Massachusetts), 1t was decided o instrument this path with
a step-frequency (4.6U4-Mc) transmitter and a synchronized
receiver, With the above equipment operating on a round-
the-clock basis, 1t was hoped that records could be obtalned
that would permit deduction of the mode ctructure and appar-
ent ray path of the propagating cignalco.

Examination of the records taken on thic path, coon
tadleates that the usual simplifying assumptions {(such as &
uniform ionosphcre over the entire path) are often not
rcpresentative of what 15 happening. The path, 3000 km long,
13 Just on the edge ot the normally assumed "allowable" two-
hop, FP-layer propagation, Records show tLhat the zFe mede
propagates for only chort periods around noon and midnight,
local time, at the midpolint of the path, At other tlimes
(:speclally sunrisc and curset ), the progressive change
acros; the path Crom a daytime ionospherc (with E, F1, and
#2 layer:) to a nigshttime torosphere (F2 layer only) produces
a bLewildering varlety of propagation modes. Analysls soon
becomes fairly complex. To assist in the understandlng of
the mode ctructure, it wasd fclt that a ray-tracing program
that simulated the expepilmental data would help,

Familiarity with the experimental technlque and rccord
form will help in umleratanding the type of Informaticon that
would be degireble from eomputed ray tracings. The experl-
wental data were obtained in the following way. The trans-
mitter and rcceiver include electronically tuned apnd syn-
chronized circuitry that ranges in frequency from & Lo G4 Me
in 360 stepsekD linecarly spaced steps per octave band.
Puldes, H0psec 16 gyration, are transmitteqd over the Hawail-

e §J - ‘31‘3.'63-103



Massachusetts path, and the peceived pulses (dlfferentielly
delayed in time as & result of the different modes of
propagation) are recorded on film using the following tech-
nique, An oseilloscope 1s intensity modulated wlth the
detected video output of the recelver. Ags the transmlitter
and recelver step in frequency over the operating range, the
display is recorded on moving {1ilm, producing a rceord showe
ing time delay as & functlon of frequency. This presentatlon
1s referred to as zn oblique-incidence lohogram. An artlstts
sketch of this type of record is shown in Fig, 1.

The primary characteristics that one would hope to
obtain from a ray-tracing aralysis for comparison with the
experimental resuits are summerlzed telow:

1. The Maximum Qbserved Frequency (MOF) and the Lovest

Observed Frequency (LOF) for each of the modes
(e.g., mode 1,2,3,,,.).

2. The differential group time delay separatlng each

of the modes at any glven frequency {e.g., fl).

In addition, it would be desirable to obtaln a proflle vlew
of the propagation path showlng the rays, thely ground-
reflection polnts and the apparent path of the rays through
the lonosphere, An czample of this 1s glven in Fle. 2,
showinz the three modes of the lonogran of Flg. 1, at a
fixed frequency fl'

SEl-£3-10% -2 -



II. AVAILABLE RAY-TRACING TECHNIQUES

The problem in synthesizing an oblique-incidence
ionogram by a ray-tracing approech {3 actually twofold:

1. Can the mode structure be duplleated by a ray-tracing
approach if suffielent lonospheric data arec avallable?

2. In the absenge of this lonospheric data, could the CRPL
ionospheric-propagation predictions, avallable threc months
in advance, be used in conJunction with the ray-traclng
program to predict the mode structurc llkely %o be obgserved?

With this problem in mind, it was declded Llrst to flnd
out how other researchers had solved this or simllar problems,
Inquiry into the available ray-tracing technlques necessl-
tated visiting various establishments to flnd out the latest
Information; at that time, much of it was as yet unpubllshed,
However, since then, a meebing has been held in Lindau,
Germany, to discuss oblique-ineidence soundings and lono-
spheric ray tracing.

Table 1* 1s a summary of ray-tracing techulaquere,

An alternate possibility, the use of an analog computer
to solve the ray-tracing equations, has been uttilized by
Wong [Ref. 17]. The difficulty in uslng an analog compuier
138 that the output, height vs range (as a functlon of fre-
quency), glves the distribution of encrgy along the great
circle but does not "home-in" on the receiver (a polnt atl a
f£ixed range).

* This information is based on material that appeared lIln the
“Report of the Lindau Meeting on Okligue Soundling of the
lonosphere," May 6-10, 1663, Meeting held at: Institut
Fiir .Ionsopharen-Physik, Max-Planck-Institus Jlir Acronomie,
Liadau Uber Northeim, Germany.

*3- SENLe63.10%
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ghe "nome-in® capability afforded by a digital-cemputer
program 1s &n attractive feature. Sorting by modes and range
discrimination greatly simplifies the handling of the enormous
amounts of data %hat are calculated by the computer, One 1s
thus able ta coneentrate on the path in questlon, having al-
ready sorted out the rays thabt nhaver reach the recelver.

MODE 3 (5F2)

SN —

MODE 2 (4F2)

f - MODE 1 (3F2)

TIME DELAY

i !
I H i
L i ] |
LOF h MOF
FREQUENGY so—mte

£1G6. 1. THEORETICAL VERSION OF AN OBLIQUE- INCTDENCE, SWEEP.
FREQUENCY TONQGRAM.
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I. CHOICE OF THE KIFT-FOOKS TECHNTQUE

To synthesize an obllque-incidence ionvgram (Fig. 1).
1t 1s necessary to conslder only those rays that reach the
receiver, Detalled knowledge of tha ilonospherg ls not
always avallable and, where predictlons are cone rncd, a
detailed ray-tracing approach tz not Justlifled, In fact,
most of the tim=, only a pare minimum of data oxlstg oone
cerning the true electreon-density profiile along any glven
path, FEven with electbron-donsliivy digtributlons, assunpe
tions «.o 'o the svructure of Lhe magnoetic fleld, the offe
groat-circle profiles, az well as a choler of a mugnetoe
ionic theory, nced to te made prior to tho use of a conmplote
threc-dimensional analyslis [Ref. 1],

With thes o llmitubions, it was belleved that a progran
which takes 1nto account Lhe grouc changec in the lornosphers
alonz a path at sunrice ard sunset, by the incluslon of the
daytime FE and ¥1 layers and a specularly reflectlng sporadic
E layer, would sulfice,

Fhe major Cacturs overni:igg the choice of the Kift-Fooks
technlque were provatly the rapldity with which the progorar
could be run on a truly high-speed digltal computer (eltnor
the IBM7090 or the IBM /094) and the raet that predletlonc
could be madce, uctng the CRPL lonospherle propagatblorie
predictions in thelr present card formal [Ref, 18], on &
highly automated buasls,

Thus, it was decided to usc the ray-iLraclnz teehnlaue
suggested by Kift [Ref, 11] and programmed for use on th
Yegasus computer by Fooks [Ref. 12]. Thc advantages of thtils
program are that 1t ascumes a set of parabolic layerg §or
the jonospheric profile and then caleulatea the ray path 1In
(o through) a parabolle tlayey by the Appletonebevaors
[Res. & equations.

-T . STL-63-103



Some of the “naccuraeies ol this technlque are polinted
out by Kift at the end of hls artlele, with refercnce to the
work of Vickers [Ref. 19]. A report that Gomwparce the Kifte
Fooks technique with a more accurate techniqus, developed by
Croft [Ref. 201, 1s soon to be published as another repor®
in this series,

e e o
AR ARG0 SO0

OiSTANGE (W)

FlG., 2¢ CROSS SPETION @F TONOSPHERIC RAY PATHS,
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IV, HOW TO UPILIZE “HE XIFT-FOOKS TECHNLIQUE

Refore atbtempting to utlllze the Xift-Fooks Lechinlqus
in the analysts of poinb=to=polnt propasation charasteristliaes,
one should know wha% daka are avallable in the priht=ogue ol
the program and how Yo usa these data,

Table 2 1ists the lonosphericeprolllc pavrametera along
the great-circele path {from the transmitter to the recelver)
tn 100-km intervals. The values glven are the erltlesa) f're -
quencles of the £, F1, and F2 layers, and ti tietghitt nt whieh
Lhe maximum of the F2 layer occurs !s glven for the polnis
mentiop-d above, Detalls of the exact computer output format
(Taubles #,3,4) are given on pp. 11, 12, and 13.

Fach ray-tracing group 1o ldentified by the transmitter
latbltude and longltude, the bearing Lo the receiver, and
the time, month, and yesr for which the lonosphere was
complicd,

An ezamplc of the provent data rormatb 1S glven in Table
3, The desceriptlon of "rach mol includess names of Succes-
alve retlcebing layers, frequency, take-oi'f" angle, ©roup

time delay, and atbenuation., ne terminolosy used In this

-

ormat 18 diftferent from that recommended 1or ude in obliaue-

oS

tnetdenc: work (Appordix A). Howevo e, sines this report i
intended to cxplain th ray-tracing programn 1 its present

form, lncluslon ¢f Lhe recommendea nomeniclature would have

nceeseltated further delays.

The modoo are licted In terms of inercasing frequency
and take-off angle (for any one frequcnuy).

In addition, an optlon available to the propraﬁ priri?
out the ground range and helght of Lhe xay for potute of
entry or exit of a layer and the grounders ficetion poliis
(Table 4), Thus a ray plot similar te Lhut <hown in Figuse
> could be plotted from the data of Table %,

With knowledge of the outpub formab la hagl, ope gan
now procetd With the dlscusaiaon of how these data can o2

e & o SrLs63+103



used in the syntheslis of an obligus-incidence ionogram
(Fiz. 1). Refferring to Table 3 and establishing the samns

set of coordinatecs &

@]

that schieved experimentally, oas
would then plot and Jjoln together polnte having bthe camg
1.

1%
-
then be compared dilrectly with the experimentally achleved

1

mode description (i.c., . . .E .E), This plo® could
data, Flease note, howeyer, that there will be an oxigslon
of the high-anzle rars cccauce of the method used in pPro=-
zramming the computer for mode calculatior and retentlon,
wher the take-off anczle and the atteruation assoclated
with a given mode are taksn into account, & [ 60
approziration carn te wade to 2liminate many of the predicted
modec that experlerce tvelle us Just wouldn't ge
a

Using vertlcal-lncldence sourdlings made

c
she great cirele, ac a flrst- rder correctlion

O

predletion, enables greater accuracy to be achleved, par-
tilecularly if patches of sporadlc = ars present which were
not takern into acro.nt in ine predictions, A csuctsequent
report, will be lsiued sutlinirg the procedure used in this
cace {L.e., an afver-the-fact analyzis).

However, 1t lo moct Lmporde
v maln advantag: U tha ¥.1{t -Fooks technicue as a pre-

PR}

dietor of propagatlorn condltlons. Certalr

£ S
taformatlon regarilng the lorocpherle proflle 15 avallable,
14 would make cense Lo utlllze onc of the more detalled
ray-traclng programns currecntly avallable [Refs, 9,14,15,20].

By directly converting the CRPL lonospherlc propagatlon
predictlions into values of f Fe and 13000 (the ratlo of the
3000 Km MUF to the fOFE) and subsequently uslng the atsurp-
tion of Kift and Fooks [Refe. 1l and 13, respeetivelyj, the
computer can calculate the valuec of helght of the wadlada
of the F2 layer and trace a1l subsequead rays Lhat reach the
recelver.

Thus we have a highly automated prediction profram, the

Qgrails of which ave spestfled dn toe follouing sections,

SEL-63-303 -~ 10~
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V. THE KIFT-FOOKS RAY TRACLNG PROGRAM

The ionospheric ray-tracing program descrlbed herc is
essentially the same as ihat described by G. Foe Fooks 4n hls
report [Refl. 12})<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>